The lifetime risk statistic is a powerful tool in epidemiology. It has been successfully applied to estimate and highlight the risks of numerous diseases, including breast cancer, Alzheimer's disease, stroke, and coronary heart disease and some of its risk factors. Application of this method to health-related conditions that may have an onset early in young adulthood or to measurements that can fluctuate over time introduces problems of under-or overestimation of risk. To correctly quantify the long-term risk of developing high serum total cholesterol (!240 mg/dl or use of lipid-lowering medication), the authors propose a key modification of the lifetime risk statistic: adjustment for baseline prevalence. It accounts for the fact that many people already have the condition at a young age (an age often chosen as baseline). The authors derive point estimators and confidence intervals and supply a SAS macro (SAS Institute, Inc., Cary, North Carolina). For assessment of the risk inflation due to single-occasion measurement, the authors suggest two diagnostic tools, one requiring the condition to be present on two consecutive occasions and the other taking into account intrasubject variability. As an illustration, the authors calculate risk estimates for US Caucasians based on hypercholesterolemia incidence (1971-early
Cumulative incidence is a common way of quantifying the risk of developing an adverse health condition. Presented as a long-term or lifetime risk statistic, cumulative incidence offers important additional information that is not captured by cross-sectional prevalence estimates. For example, the burden posed by breast cancer or coronary heart disease might seem relatively low if prevalence estimates are considered, but the true public health burden of these conditions is better understood when the lifetime risk statistics are taken into account (1, 2). Gaynor et al. (1) modified the traditional survival analysis techniques used to estimate cumulative incidence (for example, the KaplanMeier estimator (3)) by adjusting for the competing risk of death (or other competing causes). The practical application of such an approach was facilitated by the development of the practical incidence estimators (PIE) macro by Beiser et al. (4) . This macro has been used successfully to estimate long-term and lifetime risks of coronary heart disease, stroke, dementia, and Alzheimer's disease (2, 5, 6) .
Estimation of cumulative incidence is usually based on prospective follow-up of persons who were free of the condition of interest at a given time point or age that was selected as a baseline. The resulting statistic can be termed the remaining lifetime risk, as it assumes that the condition did not occur before baseline (see the paper by Beiser et al. (4) ). This approach offers an important clinical perspective and poses no major problems from the public health angle for conditions like Alzheimer's disease, dementia, coronary heart disease, stroke, or diabetes (see the paper by Narayan et al. (7) ), which are extremely rare in subjects younger than specific ages. However, calculations of the lifetime or long-term risks of developing conditions such as obesity are challenged by the fact that a substantial fraction of persons may have already developed the condition of interest when follow-up is begun at a young age (such as 30 years); if ignored, the high baseline prevalence may lead to a serious underestimation of the long-term risk of developing obesity. From the public health perspective, it might be just as important to know the lifetime risk that accounts for baseline prevalence of the condition (or life-span lifetime risk) as it is to know the remaining lifetime risk. These two estimates can be substantially different: For example, Vasan et al. (8) reported that the remaining lifetime risk of developing obesity in 50-year-old men is approximately 25 percent, but when baseline prevalence is accounted for, the life-span lifetime risk reaches almost 50 percent.
Estimation of the long-term risk of developing obesity poses another important challenge that is not encountered when dealing with Alzheimer's disease, dementia, coronary heart disease, or stroke. People are commonly classified as obese if their body mass index (weight (kg)/height (m)
2 ) or another measure of adiposity exceeds a given threshold (30 kg/m 2 for body mass index). Obviously, body mass index can change over time, and small fluctuations around the threshold can lead to differing classifications in consecutive examinations. Additionally, a decrease in body mass index can lead to a person's becoming nonobese again, making this a reversible condition, unlike those mentioned above. These two features can result in too many subjects' being classified as developing the condition and lead to overestimation.
In the present article, we focus on quantifying the longterm and lifetime risks of developing a high serum total cholesterol level (or hypercholesterolemia, defined as serum total cholesterol !240 mg/dl or use of lipid-lowering medication) in 30-, 40-, and 50-year-old men and women enrolled in the offspring cohort of the Framingham Heart Study (9) . Using National Health and Nutrition Examination Survey (NHANES) 1999-2000 data (10), we note that the prevalence of high serum total cholesterol in the age groups of interest ranges from 14 percent to 38 percent (see table 1 ). Such a high prevalence of hypercholesterolemia suggests that the life-span lifetime or long-term risk would be underestimated if the baseline prevalence were ignored.
Similarly to obesity, hypercholesterolemia is defined with a threshold for a continuous variable and can be considered reversible. It is not uncommon that people are classified as experiencing an event on the basis of a single measurement taken on a single occasion (such as a single Framingham Heart Study examination), which might unnecessarily inflate the risk estimates. Thus, it is important to assess the amount of risk inflation introduced by single-occasion measurement.
To address the challenges described above, we present an extension of the method used in the construction of the PIE macro that introduces an additional adjustment for the baseline prevalence of the condition of interest and derives confidence intervals for the estimated rates. We apply this new method to estimate the life-span lifetime and long-term risks of hypercholesterolemia in the United States based on Framingham Heart Study incidence and NHANES 1999-2000 prevalence. Moreover, we propose two methods for assessing the amount of risk inflation due to single-occasion measurement. The first approach estimates the risk of developing sustained high serum total cholesterol, which requires the condition to be present at two consecutive examinations. The second approach takes into account the intrasubject variability in serum total cholesterol and factors it into the definition of hypercholesterolemia. We apply both approaches to assess the risk inflation in the Framingham example.
MATERIALS AND METHODS

Lifetime risk models
Cumulative incidence adjusted for the competing risk of death. For easy reference, we adopt notation paralleling that used by Beiser et al. (4) . Let A 1 < A 2 < . . . < A j < . . . < A J , J N, represent the ordered event ages among N subjects. Denote by r A j the number of persons at risk at age A j (their failure or censoring age is greater than or equal to A j ), by e A j the number of people who develop the event of interest at age A j ; and by c A j , the number of people who develop the event of interest or die at age A j ; out of r A j people at risk. The hazard of failing from the event of interest at age A j is h A j ¼ e A j =r A j ; and the hazard of failing from either the event of interest or death can be calculated as c A j =r A j : The estimated survival probability (event-free and alive) is (see the paper by Beiser et al. (4))
or equivalently (induction withÛ A 0 ¼ 1)
The cumulative incidence adjusted for the competing risk of death can be expressed as the sum of the unconditional probabilities of failure at age
The standard error of the adjusted cumulative incidence SEðF A k * Þ can be estimated using a Taylor series linear expansion, described elsewhere (1, 4, 11, 12) .
Prevalence-adjusted adjusted cumulative incidence. The procedure described above works well if the event of interest does not occur before a certain age or if the sample is restricted to persons who are condition-free at a certain age. Then we can setÛ A 0 ¼ 1 in equation 1 as the starting point. This is a valid assumption for numerous conditions, including dementia, Alzheimer's disease, and type II diabetes. However, it is not uncommon to encounter situations in which events of interest occur in young adulthood, such as in the case of hypercholesterolemia. If our objective is to estimate the long-term risk of developing hypercholesterolemia starting at baseline ages of 30, 40, and 50 years (see the paper by Pencina et al. (13)), we must consider the fraction of persons who may have already developed the condition at baseline. From the perspective of estimating the public health burden posed by hypercholesterolemia, it is important to determine the risk of developing a high serum total cholesterol level (the event) while taking into account the fact that the condition may have occurred prior to the baseline age. This will require an adjustment for the baseline prevalence of the condition.
Thus far in the methods outlined above, we were assumingÛ A 0 ¼ 1; where no one experienced an event before time A 1 . Now, this is no longer true. We consider three ''initial'' ages: A 1 is the age at which we observe the first event in our sample; A 0 is the starting baseline age of our sample; and A ÿ1 is an age prior to our baseline before which no events could have occurred. To introduce the adjustment for baseline prevalence, we can assume that all prior events took place right at A 0 . Then we can setÛ A ÿ1 ¼ 1 and c A 0 =r A 0 ¼d; whered is the estimated baseline prevalence of the condition of interest. We also have h A 0 ¼d: Our estimation starts one age unit earlier than before-at age A 0 . The eventfree and alive survival of equation 2 now takes the form
The adjusted cumulative incidence additionally adjusted for baseline prevalence can be expressed aŝ
can be interpreted as the cumulative incidence conditional on event-free survival until baseline, equation 5 can be read as the sum of the conditional probabilities of having an event prior to or at age A k given an event at baseline (equal to 1) times the probability of having an event at baseline ðdÞ plus the conditional probability of an event prior to or at A k given no event at baseline ðF A k * Þ times the probability of no event at baseline ð1 ÿdÞ: Thus,Ĝ A k * represents the cumulative incidence up to age A k without conditioning on event-free status at baseline.
It is preferable that baseline prevalence, d, be estimated from a sample that is independent of the one used for calculating cumulative incidence using contemporary data. Since the cumulative incidence is estimated over a long period of time, baseline prevalence from the beginning of a study may be different from that calculated using current data. Use of contemporary estimates facilitates the applicability of the results. The variance ofĜ A k * can be estimated using the delta method (14, 15) . We have 
The 95 percent confidence interval for the baseline prevalence-adjusted adjusted cumulative incidence is given bŷ
where z 1-a/2 is the desired percentile of the standard normal distribution.
Application: life-span lifetime risk of hypercholesterolemia
The Framingham Heart Study started in Framingham, Massachusetts, in 1948 (16, 17) with the enrollment of the ''original'' cohort of 5,209 persons. In 1971, the offspring of the original cohort and their spouses were enrolled in the Framingham Offspring Study. A total of 5,124 participants attended the first offspring examination, returned for a second examination 8 years later, and have been examined every 3-4 years since then (9). All participants gave written informed consent, and the study protocol was approved by the institutional review board of the Boston Medical Center (Boston, Massachusetts). At each of the seven offspring examinations, blood samples were obtained from participants who had fasted for 12-24 hours. Plasma total cholesterol was measured using automated enzymatic assays (18) , and plasma values were approximated to serum values by multiplying by 1.03 (19) . Participants who had a serum total cholesterol level of 240 mg/dl or more or were using lipidlowering medication were classified as having high serum total cholesterol (hypercholesterolemic), consistent with the guidelines of the National Cholesterol Education Program (20) . The present analysis included participants who were free of hypercholesterolemia at their first eligible examination and free of myocardial infarction during the course of follow-up, which extended from 1971 to early 2001 (Framingham examinations 1-7) .
Our objective was to determine the life-span lifetime and long-term risks of high serum total cholesterol for 30-, 40-, and 50-year-olds who were free of myocardial infarction. The traditional application of the PIE macro allows for the addition of persons older than the starting age to the original pool of subjects used for estimation. However, here we limited the original pool to subjects not older than 4 years above the index age (resulting in age groups of 30-34, 40-44, and 50-54 years). This was necessary to limit the possibility of including persons free of hypercholesterolemia at their first visit but with an unknown status before then. For example, a 40-year-old seen for the first time who was free of the condition would not be included in the ''at-risk'' pool of 30-year-olds, since we do not know that person's status at age 30 years. This was not an issue in the traditional application of the PIE macro to irreversible conditions (e.g., dementia or Alzheimer's disease): A 40-year-old entering the study free of Alzheimer's disease would have been free of the disease at age 30 as well.
We used NHANES 1999-2000 data (10) to calculate the baseline prevalence of high serum total cholesterol in Caucasian (for consistency with the predominantly Caucasian Framingham cohort) women and men aged 30-39, 40-49, and 50-59 years. Here we enlarged the age groups used for the incidence component to increase sample sizes and obtain more stable estimates. The numbers of women and men contributing to the incidence and prevalence portions of our estimation process are presented in table 1. Note that using a single, age-specific point prevalence for hypercholesterolemia introduces a strong birth cohort effect. While it adds to the contemporariness of our findings in this case, great caution should be used when selecting the prevalence sample in other situations. A long-term risk analysis (described above in ''Prevalence-adjusted adjusted cumulative incidence'') was carried out using the practical incidence prevalence-adjusted estimators (PIPE) macro given in the Appendix.
Assessment of risk inflation
Hypercholesterolemia, unlike dementia or Alzheimer's disease, and similarly to obesity, is not an ''absorbing state.'' This means that serum total cholesterol can return to normal levels or fluctuate over time. Studying hypercholesterolemia prospectively is challenged by the possibility of misclassifying people as having events based on single-occasion measurements. This concern is valid in the context of the Framingham Heart Study, where the estimates are based on several single-occasion measurements (a maximum of seven examinations) taken approximately 4 years apart. This can lead to overestimation of the actual risk.
To assess the amount of potential risk inflation, we propose two diagnostic techniques. The first one can be labeled the clustering approach. We define a person as hypercholesterolemic if the condition is present at two consecutive Framingham examinations. Doing so, we no longer use single examinations as bases of event classification but consider two-examination clusters instead (''clustering'' readings from two examinations together). Thus, in the Framingham example, the data are analyzed on the basis of event classifications (presence vs. absence of hypercholesterolemia) in the following six two-examination clusters: 1&2, 2&3, 3&4, 4&5, 5&6, and 6&7.
For illustration, consider a person who is 30 years old at examination 1 and has the following serum total cholesterol values (in mg/dl): 210 at examination 1; 242 at examination 2; 235 at examination 3; 230 at examination 4; 242 at examination 5; 248 at examination 6; and 250 at examination 7. As a convention, we take the age of the person at the first of the two examinations in each cluster as his or her age; hence, 30 years will be the person's baseline age. The event status is ''nonevent'' in clusters 1&2, 2&3, 3&4, and 4&5 and changes to ''event'' in cluster 5&6. Note that even though serum total cholesterol exceeded 240 mg/dl at
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Am J Epidemiol 2007;165:464-472 examination 2, this was not classified as an event, since the levels at two ''clustering'' examinations were below 240 mg/dl. Additionally, the first cluster with an event is 5&6, even though serum total cholesterol already exceeded 240 mg/dl at examination 5; however, it did not do so at examination 4. Baseline event status is assessed consistently with the event definition of the clustering approach: The person in our example enters at examination cluster 1&2 as not having an event, even though his or her serum total cholesterol level exceeded 240 mg/dl at examination 2.
Note that this approach eliminates a single-examination occurrence of the condition from being classified as an event but does not miss any two consecutive occurrences. After the event status is defined with examination clusters as units, we can apply the PIE or PIPE macro to obtain the risk estimates. The adjustment for baseline prevalence could still be added; however, we believe that it is less of a concern here. The ''clustering'' approach is meant to serve more as an indicator of the robustness of the estimates obtained using the single examination event definitions rather than as an estimating procedure itself: The twoexamination clusters are somewhat arbitrary and do not offer the simple interpretation that is possible with the traditional analysis.
A different approach to assessment of the amount of risk inflation takes into account the intrasubject variability in serum total cholesterol. This variability has been reported to range between 3.9 percent and 10.9 percent per year (21) . We amend the definition of hypercholesterolemia with the additional requirement that the total cholesterol level must exceed a preselected cutoff based on the intrasubject variability. Here we define this cutoff as 10 percent above the baseline value. Hence, a person is considered hypercholesterolemic if his or her serum total cholesterol level equals or exceeds the maximum of 240 mg/dl and 1.1 times the baseline level or he/she undergoes a lipid-lowering treatment.
RESULTS
Lifetime risk of hypercholesterolemia
The results for the long-term and lifetime risks of hypercholesterolemia are summarized in tables 2 and 3, with a graphical example presented in figure 1 . Table 2 presents the 10-, 20-, and 30-year risks of developing high serum total cholesterol, adjusted for the competing risk of death, without the adjustment for baseline prevalence (i.e., cumulative incidences adjusted for the competing risk of death for persons free of the condition at baseline). The corresponding rates adjusted for baseline prevalence are displayed in table 3. For a 30-year-old person, these data can be interpreted as the risk of already having or developing hypercholesterolemia over time by ages 40, 50, and 60 years. Note that for 50-year-olds, the 30-year rates presented in tables 2 and 3 approximate their remaining and life-span lifetime risks, respectively, of developing a high serum total cholesterol level.
On the basis of table 2, we estimate that 1-2 of every 10 women who are free of high serum total cholesterol at age 40 or 50 years will develop the condition over the next 10 years. This 10-year risk increases to 3-5 in 10 when we account for baseline prevalence (table 3) . The 30-year risk exceeds 5 in 10 for condition-free women and reaches 7 in 10 after accounting for baseline prevalence. The risks are fairly uniform among the three baseline age categories in men who are free of the condition at baseline; risks oscillate around 1 in 10 with the 10-year horizon and exceed 4 in 10 with 30 years of follow-up. Accounting for baseline prevalence, the rates increase to 2-4 in 10 and 5-7 in 10 for the 10-and 30-year periods, respectively.
Risk inflation
The results obtained using the two risk inflation assessment methods are presented in tables 4 and 5. Note that the It is quite substantial for the 10-year estimates (decreasing the estimates from two people in 10 to one person in 10) but is less pronounced for the 20-year risk estimates-decreasing from four in 10 to three in 10. The estimates that take into account the intrasubject variability decrease by only, at most, five people in 100 across all age and time categories. Overall, we conclude that the longer-term risk of developing hypercholesterolemia remains substantial, even if we require that the condition be maintained at two consecutive examinations or that additional subject-specific thresholds be crossed.
DISCUSSION
In this paper, we have presented a modification of the PIE macro which allows for an adjustment to the long-term risk estimates for the baseline prevalence of the condition. Such a modification can be particularly useful in situations where the condition can occur in early adulthood, at or before the age of risk prediction; obesity and hypercholesterolemia in the Framingham Heart Study are good examples. The proposed method calculates the cumulative incidence, adjusted for baseline prevalence and the competing risk of death, as a function of cumulative incidence (adjusted for the competing risk of death) and the baseline prevalence of the condition. The resulting estimates can be interpreted as the probability of having or developing the condition of interest in a given time horizon. Confidence intervals around the adjusted incidence rates are obtained using the delta method. A SAS macro (SAS Institute, Inc., Cary, North Carolina) which incorporates these additions is given in the Appendix.
We have illustrated the application of this method to the estimation of long-term risk of hypercholesterolemia in the Framingham Heart Study. Baseline prevalence was obtained from the NHANES 1999-2000 survey. We conclude that long-term risk estimates obtained without the baseline prevalence adjustment may underestimate the future burden of the condition from a public health perspective. On the other hand, the clinical perspective (estimation of risk for a person who is condition-free at a baseline age) does not require adjustment for baseline prevalence.
Additionally, we have assessed the potential risk inflation due to misclassification caused by ascertainment of event status based on single-occasion measurements. We have introduced the clustering approach, which requires the condition to be present at two consecutive visits for a person to be classified as having experienced an event, and another diagnostic approach that amends the definition of hypercholesterolemia with an additional threshold based on intrasubject variability. We have observed that even though these modifications lower the risk estimates in the Framingham example, such estimates still remain quite high.
We believe that this article offers useful tools for investigators who want to estimate the long-term and lifetime risks of conditions that are already present at baseline and/ or are classified on the basis of a single-occasion measurement. The combination of current baseline prevalence and cumulative incidence over a long period of time offers researchers the opportunity to enhance their understanding of future risk burden beyond that available from prevalence or incidence data alone. 
